Several previous studies investigated comfort while soaking in hot bathwater from the perspective of thermal effects or physiology. However, few studies investigated bathing comfort from the perspective of biomechanics, although the biomechanical state in bathing, such as buoyancy on a human and the degree of muscle contraction is expected to be changed according to soaking postures. Indeed, only a few studies from the biomechanical viewpoint provided biomechanical models. In addition, the provide models were insufficient to discuss biomechanical loads in detail. The objective of this study was to evaluate soaking postures considering the effects of buoyancy, muscle contraction and passive elastic joint moment from the perspective of biomechanics and to evaluate biomechanical loads in detail. Soaking postures and reaction forces from the bathtub to a human were measured for ten healthy male participants and under two bathtub conditions (recent bathtub and conventional one). A three-dimensional motion analysis system and waterproofed three-dimensional force plates were used to measure the experimental data. A biomechanical model in which a human body was represented as a link of body segments was constructed. The torque due to buoyancy and passive elastic joint moment were considered in the model. The result showed that all the torque components due to buoyancy, gravity, reaction forces, and passive elastic joint moment contributed to the joint torques and each torque component was changed between bathtub conditions. In addition, joint torques on the ankle and knee joints in the recent bathtub were significantly smaller than those in the conventional bathtub. These results suggested that the bathing posture in the recent bathtub was more comfortable than that in the conventional one. Furthermore, the difference in joint torques between bathtub conditions suggested a potential benefit for designing bathtub shape, in which know-how of developers or subjective assessment is relied previously, with quantifying from biomechanical viewpoint.
Introduction
Soaking in bathwater has been a familiar custom for the Japanese for a long period of time. Its objectives are not only to warm the body but also to get relaxed. Several previous studies investigated bathing comfort from the Ryota NAKAMURA* , **, Tomohisa KATO*, Minoru SATO***, Takanao FUJII* and Motomu NAKASHIMA**** Nakamura, Kato, Sato, Fujii and Nakashima, Mechanical Engineering Journal, Vol.5, No.3 (2018) [DOI: 10.1299/mej. perspective of thermal effects or physiology (Oyake et al., 1999 , Yanagihashi et al., 1996 . Yoshimura et al. (1995) investigated thermal effects on heart rate fluctuation and subjective evaluation. On the other hand, few studies investigated the bathing comfort from the perspective of biomechanics. Indeed, the soaking postures were changed according to bathtub shapes, such as reclining angle or height of foot step. Therefore, biomechanical state, such as the buoyancy on a human and degree of muscle contraction, is expected to be changed. Since these changes can affect the bathing comfort, biomechanical characteristics of the soaking postures were needed to be revealed to estimate bathing comfort. Kato et al. (2016) investigated how the soaking posture affects the body and mind from the perspective of biomechanics and neuroscience. They calculated torque at the leg joints due to measured reaction forces from a bathtub, and demonstrated that torque at the joints and cerebral blood were changed owing to posture differences. Their results motivated further exploration of the possibility that physical relaxation may induce cerebral relaxation. However, their biomechanical calculation was insufficient since they did not take into account the effects of buoyancy on a human, active force of muscle contraction, and passive elastic joint moment. The objective of this study was to investigate the soaking posture considering the effects of buoyancy, muscle contraction and passive elastic joint moment in the perspective of biomechanics and to evaluate biomechanical loads in the various soaking postures. If the relationship between the biomechanical loads in the soaking postures and the bathtub shape is quantified, it will be possible to design a bathtub systematically in which biomechanical loads are small, and therefore, physical relaxation can be obtained. Fujii et al. (2017) proposed a simulation model to estimate the reaction forces and biomechanical loads using measured posture data. Their research suggested the possibility to evaluate bathtub by only calculation on the computer without complicated experiments. However, they did not discuss biomechanical loads themselves in detail. In this paper, the bathing postures and reaction forces from the bathtub on a human body were measured in an experiment. Using the experimental results, the biomechanical loads were calculated and discussed in detail.
Methods

Measurements
The soaking postures and the reaction forces from a bathtub on a human were measured for ten healthy male participants (Height:169±4 cm，Weight:61.9±4.6 kg). A three-dimensional motion analysis system (Venus3D, Nobby Tech, Japan) and waterproofed three-dimensional force plates (TF-3040-W, Tech Gihan, Japan, 9253B11, Kistler, Switzerland) were used to measure the soaking postures and reaction forces from bathtub on the foot, hip, and trunk, as shown in Fig. 1(a) . Self luminous markers were put on the left side of the participants' bodies (top of head, shoulder acromion, axilla, sternum lower end, waist, iliac crest, great trochanter, femur lateral epicondyle, lateral malleolus and metatarsal fibulare). Data were obtained for 30 s at 30 Hz and low-pass filtered at 10 Hz using a fourth-order Butterworth filter. Then data were averaged with recorded time.
In this study, two types of bathtub shape was tested, recent bath (RB) and conventional bath (CB) as shown in Fig.  1(b) , to compare biomechanical loads between different bathtub shapes. RB has a greater incline in the wall at the back Nakamura, Kato, Sato, Fujii and Nakashima, Mechanical Engineering Journal, Vol.5, No.3 (2018) [DOI: 10.1299/mej. and foot than CB. Additionally, RB has a foot step. The locations of force plates were adjusted so that the bathtub shape condition was reproduced as shown in Fig. 1(b) . Water level height was fixed at 500 mm, which is general bathtub height in Japan, while a participant soaked in the bathtub. The height was adjusted so that it became always 500 mm during soaking, by taking the water in and out. The participants were asked to locate their hip on the position which was in a constant distance from the rotation axis of reclining, and to put their sole of the foot on the sidewall and their heel on the foot step.
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The calculated biomechanical loads were tested using paired t-test and p < 0.01 was used as the significance level. All participants gave their written informed consent. The study was approved by the TOTO Ltd. ethics board.
2.2 Biomechanical model of soaking postures 2.2.1 Definition of biomechanical loads Nakashima et al. (2007) discussed motion in water in terms of biomechanics using swimming human simulation model SWUM, which includes the effect of fluid forces. Akiyama et al. (2011) evaluated joint torque, joint reaction force and muscle force as biomechanical loads when walking in water using SWUM. Also Yamazaki (1988) developed a simulation method for predicting the biomechanical loads during static sitting and evaluated chair comfortability in terms of biomechanics. Muscle forces, total shear stresses and pressures in lumbar disc were defined as the evaluation indices of the loads. They suggested that these indices can be replaced by joint torque, which is a comprehensive indicator of the muscle load (Yamazaki et al., 2002) . Therefore, this research evaluated joint torque as the evaluation index of the biomechanical loads.
Formulation of joint torques
To obtain the joint torques, the human body was modeled in the rigid segments of foot, shank, thigh and trunk, as shown in Fig. 2(a) . It was assumed that the soaking posture was a static posture and torque was in equilibrium at each joint as shown in Eq. (1). Additionally, the soaking posture was assumed to be symmetrical and modeled in the sagittal plane. SWUM analysis model in bathing was used to calculate torque due to buoyancy and gravity; (c) buoyancy is derived from the pressure force on divided quadrangle. Kato, Sato, Fujii and Nakashima, Mechanical Engineering Journal, Vol.5, No.3 (2018) [DOI: 10.1299/mej. where  ext is torque due to the reaction force from the bathtub (hereinafter called "reaction force torque"),  is the joint torque,  mass is torque due to gravity (hereinafter called "gravity torque"),  buo is torque due to buoyancy (he reinafter called "buoyancy torque") which is specific to the underwater state, and  pas is passive elastic joint moment due to musculoskeletal elasticity. In this study,  buo and  pas were taken into account as well. Torque for both legs were calculated.
From equilibrium of torque at each joint, the joint torques were calculated, as shown in Fig.3 . At the ankle and knee joints, the joint torques were calculated from the lower segments. In the hip joint, the joint torque was assumed to be an average of torques calculated from the lower segments and upper segments. In a general biomechanical study, such as gait analysis, the joint torque at the hip joint is usually calculated from the lower segments. This is because the reaction forces from the ground acts on the feet. However, during soaking in bathtub, the reaction forces from the bathtub acts not only on the feet but also on the trunk. Hence, in this study, joint torque in the hip joint was assume to be an average to consider the forces on both lower limbs and trunk. In the case of calculating from the lower segments, reaction force torque, buoyancy and gravity torques were calculated considering forces on the lower segments. In the case of calculating from the upper segments, forces on the upper segments were considered. Reaction force torque was calculated using measured reaction force data and position data of body segments. At the ankle and knee joints, the joint torques were calculated by Eqs. (2), (3). At the hip joint, the joint torque was calculated by Eqs. (4) 3 Flow of algorithm to calculate joint torques. Using experimental data, reaction force data and coordinate data, joint torques were calculated. Reaction force torque, gravity torque, buoyancy torque and passive elastic joint moment were taken into account.
Nakamura, Kato, Sato, Fujii and Nakashima, Mechanical Engineering Journal, Vol.5, No.3 (2018) [DOI: 10.1299/mej.18-00006]
Calculation of torque due to buoyancy
A previous study reported that buoyancy relieved loads due to gravity in water. Akiyama (2011) discussed the effect of buoyancy in terms of biomechanical loads when walking in water, taking fluid forces into account such as buoyancy, added mass and fluid resistance, on the body. When bathing, it is important to take into account the effects of buoyancy, which relieves approximately 90% of body weight, while added mass and fluid resistance are negligible due to static posture. Therefore, buoyancy and gravity values were calculated using swimming human simulation model SWUM as shown in Fig. 2(b) . The human body is represented as a series of truncated elliptic cones in SWUM. Buoyancy is derived from the pressure force ⃗⃗⃗⃗ due to the gravitational force acting on the tiny quadrangle, as shown in Fig. 2(c) . The pressure force ⃗⃗⃗⃗ is assumed to act only on the quadrangles judged to be below the water surface. Buoyancy torque at each joint was calculated by integrating the cross product of position vector from the joint to the quadrangle and the pressure force vector ⃗⃗⃗⃗ on the divided quadrangle below the water surface. For details of computation method using SWUM, refer to the published article .
Calculation of passive joint moment
The joint torque calculated by the conventional method contains both torque due to active muscle contraction and passive elastic joint moment due to strain of passive elastic joint property (Winter, 2004) . The passive elastic joint moment should not be negligible in bathing, which is static in water, since torque due to muscle contraction could be markedly smaller than dynamic motion on the ground. In this study, the torque due to active muscle contraction was calculated, as joint torque, by subtracting the passive elastic joint moment. Generally, a double exponential model of passive elastic joint moment-angle relationships has been used to capture the sharp increase in force that occurs near the limit of joint motion. The passive elastic joint moments at the ankle, knee and hip, − , − and −ℎ respectively, were calculated by Eqs. (6), (7) and (8). These equations were formulated based on a bi-articular muscle model, in which the effects of the joint angles not only at the target joint but also at the adjacent joints were considered as shown in Fig.4 (Reiner and Edrich, 1999) , as well as the data for the neutral body posture in zero-gravity (Mount et al., 2003) .
where , and ℎ are flexion angles of the hip, knee and ankle, respectively.
Results
Change of soaking postures and reaction force
The soaking postures and vector for the reaction forces from a bathtub of a participant are shown as a typical example in Fig. 5 . The joint angles of ankle φa, knee φk, hip φh and magnitudes of reaction forces on the foot, hip and trunk are shown in Fig. 6 . From the figure, it was found that the joint angles of the ankle, knee and hip in RB were more extended than those in CB. It was also found that magnitudes of reaction forces on the foot, hip and trunk in RB were significantly larger than those in CB. Kato, Sato, Fujii and Nakashima, Mechanical Engineering Journal, Vol.5, No.3 (2018) [ Nakamura, Kato, Sato, Fujii and Nakashima, Mechanical Engineering Journal, Vol.5, No.3 (2018) [DOI: 10.1299/mej.18-00006] Figure 7 shows the gravity torque and the buoyancy torque for the two bathtubs. Indexes above bar chart indicate the sum of each torque. At the ankle and knee joints, since the foot and shank were underwater, the buoyancy torque was mostly equal to the gravity torque value, and they cancel each other out. While in the hip joint, since a part of trunk and head are above the water, imbalance between gravity and buoyancy arose and resulted in extension torque.
Effect on torque due to buoyancy
Contribution to joint torque from each torque component
The joint torques, which were balanced with the sum of gravity torque and buoyancy torque, reaction force torque and passive elastic joint moment in the soaking postures in the conditions of bathtub, were calculated. The average of each torque among all subjects at the ankle joint, knee joint and hip joint are shown in Fig. 8 . Positive torque means flexion torque. At the ankle joint, the contribution rate of the passive elastic joint moment was 82 % and dominant in the joint torque, as shown in Fig. 8(a) . Here the contribution rate is defined as the variation in each torque component divided by the variation in the joint torque between the two bathtub condition. Additionally the passive elastic ankle joint moment in CB was larger than that in RB, since ankle joint in CB was more flexed than in RB (RB: φa=117±9.2 deg CB: φa=82±3.7 deg). At the knee joint, the gravity and buoyancy torques were small, while the contribution rate Ankle Knee Hip Fig. 7 Influence of buoyancy on torques on each joint during soaking. Indexes above bar chart indicate the sum of gravity torque and buoyancy torque. At the ankle and knee joints, the buoyancy torque was mostly equal to the gravity torque value, and they cancel each other out, while at the hip joint, imbalance between gravity and buoyancy arose and resulted in extension torque.
Ankle Knee Hip Fig. 8 Torque components at each joint. Results showed that, at each joint, the contribution rate of each torque component was different and influential on joint torques. It is necessary to consider all of torque components, the passive elastic joint moment, reaction force torque, gravity torque and buoyancy torque to evaluate soaking postures. , Kato, Sato, Fujii and Nakashima, Mechanical Engineering Journal, Vol.5, No.3 (2018) [DOI: 10.1299/mej. of the reaction force torque was 76 % as shown in Fig. 8(b) . The reaction force torque in CB was more than approximately 50 times in RB (RB: extension 0.5±1.1 Nm CB: flexion 28.0±7.6 Nm). Since the reaction force in CB was larger than approximately 3 times in RB, it depends on the increase in moment arm of the reaction force on the foot (RB: 0.017 m CB: 0.292 m). At the hip joint, as mentioned above, the contribution of the gravity and buoyancy torques became considerably large as shown in Fig.8(c) . In addition, the reaction force torque and passive elastic joint moment contributed to the joint torque (The contribution rate of the gravity and buoyancy torque was 70 %, the reaction force torque 48 % and the passive elastic joint moment 18 %).
Evaluation of biomechanical loads
The results of joint torque magnitudes on the ankle, knee and hip joints are shown in Fig. 9 . At the ankle joint shown in Fig. 9(a) , the joint torque a in CB was significantly larger than that in RB (p= 0.001 < 0.01). As mentioned above, this result was due to flexion of the ankle joint, therefore it is preferred to make the ankle joint moderately extended. At the knee joint, as shown in Fig. 9(b) , the joint torque k in CB was significantly larger than that in RB (p=0.001 < 0.01). As mentioned above, the joint torque increased due to increase of the reaction force torque. An increase of moment arm contributed to increase of the reaction force torque. Therefore, it is necessary to make the knee joint flex moderately. Regarding the hip joint, as shown in Fig. 9(c) , the joint torque h change is similar, as there was not a significant change (p= 0.145 > 0.01).
Discussion
According to Fig. 7 , at the ankle joint, the effect of buoyancy was negligible since the buoyancy torque was small. On the other hand, at the knee and hip joints, the buoyancy torques were considerable, because they were too large to ignore. Note that it is expected that buoyancy torque would vary depending on the water level, which affects body volume soaking in bathwater. It is a future task to discuss the influence of water height in detail.
A Previous study showed that during most of the gait cycle and normal stair climbing, the passive elastic joint moment contributes a small portion of the total moment, usually much less than 10 %, and is negligible (Brahas and Brand, 1990) . However, the contribution rate of passive elastic joint moment in the soaking postures was 82% in the ankle joint, 30 % in the knee joint and 18 % in the hip joint as shown in Fig. 8 . This result suggested that the contribution of passive elastic joint moment was not negligible in the soaking postures, which was static posture in water, and considerable when the biomechanical load was discussed. As mentioned above, the results showed that, at each joint, the contribution rate of each torque component was different. Other torque components also contributed greatly at the knee and hip joints. Since, at the hip joint, the contribution rate of the gravity and buoyancy torques was 70 %, it is important to accurately calculate the changes in buoyancy, which depended on the submerged trunk volume. Therefore, it is necessary to consider not only the passive elastic joint moment, but also the reaction force torque, gravity torque and buoyancy torque to evaluate comfortable soaking postures. Fig. 9 Comparison of the magnitudes of joint torque in RB with CB. At the ankle joint and knee joint, the joint torques in CB was significantly larger than that in RB, which suggested that RB was more comfortable than CB from the biomechanical viewpoint. 
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From results in this study, it was suggested that the soaking postures changed due to differences in the bathtub shape which effected biomechanical loads. Additionally, it was also suggested that RB was more comfortable than CB, since biomechanical loads on the ankle and knee joints in RB were smaller than in CB.
It should be noted that there are people with various height. For the same size of bathtub, people with different height may take the difference posture. In this study, participants whose height is from 160 cm to 180 cm are tested. Their joint angle and joint torque varied as well as average value in the two bathtubs regardless of height. However, collection of participants in this study was insufficient to discuss difference of height. Therefore, more detail study was needed in the future.
Conclusion
A biomechanical model was proposed to quantify the soaking postures in detail, and the biomechanical loads of each soaking posture were calculated. As a result, the following findings were obtained.
(1) The soaking postures changed due to bathtub shape, and this change affected the biomechanical loads at the ankle joint, knee joint and hip joint. All of the torque components, the passive elastic joint moment, the buoyancy and gravity torque and the reaction force torque affected the joint torque. The ratio of these components was different among each joint.
(2) Considering the above torque, it was demonstrated that the joint torques at the ankle and knee joints in the recent bathtub were significantly smaller than those in the conventional one. These results suggest that the soaking posture in the recent bathtub was more comfortable than that in the conventional one.
From these findings, it can be expected to design bathtubs scientifically from the perspective of biomechanics, though generally bathtubs are designed utilizing the know-how of developers or subjective assessments.
Moreover, it is another important future task to investigate the mechanism of how soaking postures are derived, by using the simulation model of soaking in bathwater.
